Abstract A familial form of lupus, termed exfoliative cutaneous lupus erythematosus
Introduction
Cutaneous lupus erythematosus (CLE) has been described in dogs as a localized skin disease specific to a few breeds but without a clear mode of inheritance (Gross et al. 2005) . A hereditary form, termed exfoliative CLE (ECLE) had long been suspected in German shorthaired pointers (GSPs) with all the microscopic features of a cutaneous lupus disorder (Gross et al. 1992; Theaker and Rest 1992; Vroom et al. 1995; Bryden et al. 2005; Mauldin et al. 2010) . Dogs typically develop clinical signs before 10 months of age, but age of onset has been reported as late as 2.75 years (White and Gross 1995; Scott and Miller 2001) . No sex predilection has been reported (Scott and Miller 2001) . Clinical signs consist of excessive scaling and crusting that first occur on the face, ears and back and then progress to a generalized form. Skin lesions consist of scales, crusts, papules, pustules, erythema and/or alopecia (Gross et al. 1992; Vroom et al. 1995; Scott and Miller 2001; Mauldin et al. 2010) .
Diagnosis of ECLE is confirmed by histopathologic examination of a skin biopsy sample, in which histological features typical of cutaneous lupus are seen. The main change is a lymphocytic to cell-poor interface dermatitis with vacuoles in the basement membrane area. The stratum corneum is expanded by severe orthokeratotic hyperkeratosis (Gross et al. 1992; Vroom et al. 1995; Scott and Miller 2001; Mauldin et al. 2010) . Sebaceous glands may be normal, small, or absent (Vroom et al. 1995) . Histopathology of peripheral lymph nodes generally reveals a reactive lymphoid hyperplasia (Scott and Miller 2001; Mauldin et al. 2010) . Similar microscopic findings are seen in dogs with systemic lupus erythematosus (SLE), discoid lupus erythematosus (DLE), and erythema multiforme, but these diseases typically show a later onset in life (Gross et al. 1992) . In humans, discoid CLE has very similar histological findings as in GSPs with ECLE (Kuhn et al. 2007; Mauldin et al. 2010) . About 10% of humans with CLE advance to systemic lupus (Patel and Werth 2002; Costner and Sontheimer 2003; Werth 2007) . We have also found that affected dogs kept for several years develop mild to moderate lupus nephritis. As the skin disease progresses to a severity that necessitates humane euthanasia (Mauldin et al. 2010) , the degree of renal disease that would develop over time is not known. As in humans with CLE, therapy for GSPs is based on empirical therapies with a variety of immunomodulatory drugs (Mauldin et al. 2010) . However, there is no cure to date.
Studying human patients with CLE led to the identification of several genes and chromosomal regions contributing to the disease (Baechler et al. 2003; Remmers et al. 2007; Wenzel and Tuting 2007; Werth 2007) . All of these are involved in immune processes that lead to inflammation and cell death, including those coding for components of the early complement cascade, type I interferons, toll-like receptors, STAT4, and MHC class II proteins (Baechler et al. 2003; Remmers et al. 2007; Wenzel and Tuting 2007; Werth 2007) . While these studies provide potential genomic candidate regions, the clinical and histological features are not typical of any particular syndrome in which the genetic etiology has been elucidated in other species.
Genome-wide association studies (GWAS) have proven increasingly successful in identifying genomic regions associated with individual traits in both humans and dogs (Wiik et al. 2008; Salmon Hillbertz et al. 2007; ). They are particularly effective for diseases with an autosomal recessive mode of inheritance in combination with autozygosity mapping (Carr et al. 2009 ). In addition, inbred populations such as individual dog breeds require much smaller numbers of individuals than humans to obtain useful data, as linkage disequilibrium extends over larger distances than in humans (Sutter et al. 2004; Lindblad-Toh et al. 2005 ). This in turn reduces the number of single nucleotide polymorphisms (SNP) markers needed to cover the entire canine genome to between 5,000 and 30,000 versus the 200,000 to 500,000 needed in humans (Sutter et al. 2004; Lindblad-Toh et al. 2005) . Thus, an initial assessment of the genome using a GWAS can significantly expedite the identification of a molecular change underlying ECLE in the GSP, by targeting a candidate gene approach to a specific chromosomal region.
The present study focuses on the genetic characteristics of ECLE and applies a GWAS to discover a genomic region linked to ECLE in the GSP. A marker or mutation-based test would assist in develop breeding programs that would eventually eliminate the disease from the GSP breed altogether while retaining valuable genetic lines. More so, identifying the molecular cause of ECLE in GSP could potentially provide an animal model of CLE in humans and further study may provide improved therapies in humans and dogs for these conditions.
Materials and methods

Animals and pedigree analysis
Samples from GSPs used in this study were recruited from 21 of the 50 states in the USA through veterinarians, breeders, and dog owners (Table 1) . A clinical information questionnaire, pedigree, and written informed consent form were also obtained for each participant. The affected status of a dog was verified by review of a skin biopsy read by one of the authors, a board certified dermatopathologist (EAM). Pedigree information was entered into a database (PedDraw software; version 6.0, 2005 www.sfbr.org/pub/pedmgt) together with sex, numerical coded identification, and phenotype. After the pedigrees were drawn, they were scrutinized by eye. Segregation analysis was performed assuming incomplete ascertainment. For comparison, breeding studies were performed to verify the mode of inheritance using a normal unrelated beagle mix (Table 1) for the initial outcross. Samples from the first 13 dogs with ECLE seen at the University of Pennsylvania were used for the GWAS. Samples from the other affected dogs that were obtained later or through the breeding studies were used to evaluate the validity of the marker assay. All dogs were cared for according to the principles outlined in the National institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals and in the International Guiding Principles for Biomedical Research Involving Animals.
DNA extraction, cDNA synthesis, and RT-PCR Genomic DNA was extracted from EDTA blood, cheek swabs, or tissues from phenotypically normal and affected dogs using Ready PCR DNA Purification System (5 PRIME Co., Gaithersburg, MD) following the manufacturer's instructions. DNA quantification was determined by Quant-iTrm dsDNA BR Assay kit together with a Qubit Fluorometer (Invitrogen, Carlsbad, CA). Purified DNA was stored at −80°C for further study.
Total RNA was extracted from skin and kidney from normal and affected dogs using TRIzol reagent® (Life Technologies, Grand Island, NY) according to the manufacturer's protocol. cDNA was synthesized in a 50-μl reaction containing 10 μg total RNA 1× first-strand synthesis buffer (Invitrogen, Carlsbad, CA), 0.1 mM DTT (Invitrogen), 8 mM dNTPs (Promega, Madison, WI), 0.2 μg/μl BSA (New England Biolabs, Beverly, MA), 8 μM random hexamers (Promega), 8 μM oligod(T) (Promega), 80 U RNAsin (Promega), and 500 U Superscript II® reverse transcriptase (Invitrogen). DNA amplification was carried out according to the protocols described below, using 1 μl of cDNA as the template for each reaction.
Genome-wide association study
A genome-wide association study was used to locate the chromosomal location linked with the disease. Purified genomic DNA samples (2 μg) from 13 clinically confirmed ECLE dogs (seven males, six females) and 21 unaffected, clinically normal GSPs (eight males, 13 females) were sent to the Molecular Diagnosis and Genotyping Facility of the Hospital of the University of Pennsylvania for GWAS. The assay was conducted by using a canine Affymetrix 127 k SNP v2 full set chip (Broad Institute Scientists and Administrators, Cambridge, MA) following the manufacturer's recommendations. The resulting signals were recorded by the Illumina Bead Array Reader, and the data transferred to the Illumina Bead Studio 3.2 software, which converted the fluorescence intensities into SNP genotypes based on the Bayesian robust linear modeling using Mahalanobis distance algorithm. After confirming high quality of data, loci with more than 10% missing scores, minor allele frequency less than 10%, and such loci that deviate from a relaxed Hardy-Weinberg equilibrium were excluded from further analysis. Data was analyzed using freely available software (PLINK; Purcell et al. 2007 ) for association studies by Chi-square test with and without Bonferroni correction. In addition, autozygosity mapping was performed based on manual calculation.
Sequencing
To sequence candidate genes, DNA was amplified by standard PCR and submitted to the University of Pennsylvania's Sequencing Facility. Briefly, the PCR mixture contained 100 ng (2 μl) of canine genomic DNA as template, 5.0 μl of 10X PCR buffer, 1.5 μl of 50 mM MgCl 2, 1.0 μl of 10 mM dNTPs (2.5 mM each), 1.0 μl of each 20 μM forward and reverse primers, 0.5 μl of platinum Taq polymerase (5 U/μl), and 38 μl of sterile de-ionized water (dIH 2 O; all reagents were from Invitrogen, Carlsbad, CA, except for the primers which were designed by the laboratory and synthesized by IDT Co., Newark, NJ). Thermocycling conditions were as follows: initial denaturing at 94°C for 5 min, followed by 35 cycles of 94°C, 30 s for denaturing; 62°C, 30 s for annealing; and 72°C, 45 s for extension. The primers and annealing temperatures used for the amplification and sequence of SSSCA1 and DPF2 genes are listed in Tables 2 and 3 .
Marker assay
Once an informative polymorphism was detected, restriction fragment length polymorphisms were visualized on an 8% polyacrylamide gel after PCR amplification and digestion with Ddel. Briefly, the PCR was carried out in 25 μl reactions, which included 2.5 μl of 10X PCR buffer, 0.75 μl of 50 mM MgCl 2 0.25 μl of 10 mM dNTPs (2.5 mM each), 0.50 μl of each 20 μM primers (forward: AACTCGCC CAGGCTGTCATCATCC, reverse: TGCCGAGTGTATT GAGTGTATTGG), 0.5 μl of Taq polymerase, 19 μl of diH 2 O, and 1 μl of template DNA. Thermocycling conditions were as followed: 95°C for 5 min, 35 cycles of 95°C for 30 s, 62°C for 30 s and 72°C for 30 s, then remained at 72°C for 10 min as final extension. The PCR product was then digested with 0.5 μl of Ddel (New England Biolabs, Beverly, MA) in 2.0 μl of 10X NEB buffer 3, and 7.5 μl of dH 2 O at 37°C overnight incubation. 
Results
Pedigree analysis
Of the 235 purebred GSPs enrolled in this study, 20 were affected with ECLE (11 males, nine females; Table 1 ). Parental information was only available for 16 of the affected GSPs. These parents were clinically normal and had one ancestor in common (Fig. 1 ). Segregation analysis from those families with complete pedigree information is suggestive of an autosomal recessive trait, as 20.9% of dogs were affected. There was no statistically significant difference between observed and expected results (Chi-square=1.15). The mode of inheritance was further confirmed through breeding studies.
Breeding studies An affected male (Dog 72) was outcrossed to a normal beagle producing seven clinically normal dogs (Dogs 100-106). Two of the F1 offspring (Dogs 101 and 106) were bred to each other producing nine F2 offspring. Two F1 females (Dogs 100 and 101) were bred back to a second affected male (Dog107) resulting in seven and ten offspring, respectively (BC1). By 16 to 24 weeks of age, a total of seven dogs (Dogs 112, 115, 116, 119, 128, 131, and 132) showed histological evidence of being affected with ECLE (Fig. 2) . The mating between an affected dog (Dog 107) and the two F1 females resulted in four affected dogs from 17 dogs produced, which does not exclude an X-linked recessive or dominant trait. However, the mating between the two F1 dogs producing nine puppies containing three affected animals of both sexes rules out these modes of inheritance and is highly suggestive of an autosomal recessive trait (Fig. 2) .
Genome-wide association study
It has been shown that a sample size of~20 dogs (usually 50% affected and 50% normal) was sufficient to find association for two Mendelian traits using only~27,000 SNPs (Laird and Lange 2006) . After excluding failed markers and low-frequency alleles (<10%), a total of 64,987 SNPs were evaluated and according to their p values. Results were graphically displayed by plotting the negative log 10 of the respective p values against the chromosomal position of the SNP (Fig. 3) . The highest supported signal that was associated with ECLE was observed on canine chromosome 18 (CFA18) at a p value of 1.36×10 −12 (8.83×10 −8 after correction), followed by strong signals on CFA6, 8, 15, 20, and 23 (Table 4) .
As pedigree analysis and test breeding results were highly suggestive of an autosomal recessive mode of inheritance, candidate regions were manually screened for homozygosity of SNP markers in the affected animals. Only the highly supported signal on CFA18 also showed an area of homozygosity in affected animals, which was not present in clinically normal animals. Thus, the defective gene region to be associated with ECLE disease was narrowed to a 0.5-MB region on CFA18 (roughly 54,500,000 to 55, 000,000 bp). The critical region was compared to the publicly available human genome and found to be homologous to HSA11q13. 1-13.2 and to HSA12q24 (NCBI Map Viewer, Ensembl, and UCSC Genome Browser). Genes of interest in the candidate region are listed in sequential order of their arrangement on CFA18 in Table 5 (Fig. 4) .
Gene sequencing
Six genes are located within the genomic region identified by GWAS (Table 5 ) and, therefore, were considered potential candidates for ECLE in the GSP. The gene coding for SSSCA1 was sequenced first in two affected and two unrelated normal dogs. SSSCA1 was 1.2-kb long and contained four small predicted exons. Both the cDNA and the genomic DNA were sequenced, but did not contain informative polymorphisms. However, SSSCA1 cannot be entirely excluded as a candidate gene for ECLE in the GSP, as mutations in regulatory regions such as the promoter region may be present. A single SNP (rs22638189) within an intron of DPF2 was identified by GWAS that appeared to segregate with the disease. Therefore, we focused on sequencing this gene, even though it was not the most likely candidate. The complete 16,498 bp genomic region, harboring all 10 DPF2 predicted coding exons and 3′UTR, was sequenced in eight affected dogs, eight unaffected relatives, and two unrelated normal dogs. Although there was no sequence variation found within the exons, a single base substitution of a guanine (G) to adenine (A) at position 54,866,704 (May 2005, Broad/canFam2 Assembly) was observed in intron 3 of DPF2 in the affected dogs, which was not present in unrelated normal dogs. Subsequently this region was sequenced from ten phenotypically affected dogs, ten obligate carriers, and four unrelated normal dogs. All of the affected dogs were homozygous for the A allele, obligate carriers were heterozygous (A/G), and all unrelated normal dogs were homozygous for the G allele.
Restriction Fragment Length Polymorphism
As the G→A substitution eliminates the recognition site of the restriction enzyme Ddel, an RFLP assay was developed to efficiently screen large numbers of dogs. Amplification of a fragment 292 bp including the restriction enzyme site was performed, and subsequent Ddel restriction enzyme digestion resulted in cleaving of DNA into 122 and 170-bp Test matings to examine the mode of inheritance. One affected ECLE GSP (72) was bred to a beagle mix (Beagle); two F1 offspring were bred together, and two females from the F1 litter were backcrossed (BC1) to an affected ECLE GSP. Squares represent males, circles females, and filled in symbols represent dogs affected with ECLE Fig. 1 Partial pedigree of GSPs in which ECLE was segregating. Note the presence of a common ancestor (A); parents of affected dogs were not clinically affected; males and females were affected; and there were affected and normal dogs in the same litter. These are all hallmarks of autosomal recessive traits. Asterisk denotes animals that can be traced back to the common ancestor, A. The clinical phenotypes of all animals in this pedigree were known. ECLE was confirmed by histology in all affected dogs. Squares represent males, circles females, and in filled in symbols respresent dogs affected with ECLE fragments in the presence of the G allele, whereas the DNA containing the A allele was not cut.
Utilizing this SNP marker as a genotyping tool, all 267 samples (Table 1) were examined, which included 27 histologically confirmed affected, 17 normal control dogs from a GSP sub-population, which had never been affected by the disease, 31 obligate carriers, and 192 dogs who were phenotypically normal but related to affected dogs. All ECLE affected dogs were homozygous for the A allele, including those produced in the experimental matings (mixed breed F2s; Fig. 2 ). Seventeen normal control dogs were homozygous for the G allele, and all 31 obligate carriers were heterozygous having both an A and a G allele. Among the 192 phenotypically normal dogs, 56% (108 dogs) were homozygous for the G allele, and 44% (84 cases) were heterozygous (A/G genotype) ( Table 6 ).
Discussion
Exfoliative cutaneous lupus erythematosus (ECLE) has only been described in the GSP (Gross et al. 1992; Vroom et al. 1995; Bryden et al. 2005; Mauldin et al. 2010) . Besides the typical skin lesions consisting of excessive scaling, erythema, erosions, and alopecia, arthralgia is a common finding in almost all affected dogs and in our study, some of the older affected GSPs developed renal disease with histological hallmarks of systemic LE (Mauldin et al. 2010) . Immunohistochemical analysis of the skin reveals IgG deposition present at the dermoepidermal junction, which may be accompanied by IgM, IgA, or C3 deposition (Bryden et al. 2005) . Immunohistochemical staining reveals CD3 + lymphocytes throughout the epidermis, the infundibulum of the hair follicles and around the sweat glands (Bryden et al. 2005) . Therapy is not often rewarding and the progressively debilitating nature of the disease in dogs leads in all but rare cases to euthanasia (Vroom et al. 1995; Bryden et al. 2005; Mauldin et al. 2010) .
In humans, lupus erythematosus (LE) can be classified as being chronic localized, chronic disseminated, subacute, and acute (Tan et al. 1982; Sontheimer 1997; Werth 2007) . While chronic CLE affects mainly the skin, humans with disseminated discoid LE (DLE) have an increased risk of developing systemic manifestations of LE. The distribution of the lesions seen in our dogs is fairly symmetrical as they are in humans with SCLE (Kuhn et al. 2007) . No sex predilection has been reported in dogs (Vercelli and Schiavi 1998) in contrast to humans with SCLE where about 8 times more females are affected than males (Kuhn et al. 2007 ). While we observed slightly more affected males Fig. 3 Genome-wide association study. Genotyping results are displayed by plotting the negative log 10 of the respective p values against the chromosomal (CFA18) position of the SNPs. The highest signal associated with ECLE was observed between positions 53,075,392-54,786,928. Percent homozygosity is shown in the lower panel than females (15 males versus 12 females), in our experience, females show more severe clinical signs (Mauldin et al. 2010 ). Comparable to arthritis, arthralgia, and myalgia commonly seen in human SCLE patients (Kuhn et al. 2007) , the ECLE dogs also exhibited lameness and a hunched stance due to arthralgia (Mauldin et al. 2010 ). However, we were not able to demonstrate radiographic or histological lesions that could explain the joint pain. While, to date, the molecular basis of ECLE is unknown, clinical data securely established the similarity of these disorders in dog and man (Bryden et al. 2005; Mauldin et al. 2010) .
We began to establish a colony of these dogs 7 years ago to study disease progression, perform controlled treatment trials, and investigate the genetic basis of the disease The largest group of SNPs with significant p values were located on CFA18 (Mauldin et al. 2010) . Through these breeding studies and the evaluation of the GSP pedigrees, we were not only able to confirm that ECLE is a genetic disease, but also demonstrate an autosomal recessive mode of inheritance ( Figs. 1 and 2 ). The simple Mendelian inheritance allowed us pursue a GWAS approach to narrow the genomic region linked to this disorder using a much smaller number of dogs than if the disease had been inherited in a complex manner.
A combination of association analysis (Table 4) and homozygosity mapping successfully located the disease locus to a~1.5 MB interval on CFA18 (Fig. 3) . In addition, the confirmed inheritance pattern allowed to reject those chromosomal regions that resulted in significant SNPs in the association study, but were not confirmed by autozygosity mapping (e.g. CFA15). Thus, potential candidate genes within this area were identified (Table 5) , and assessed using findings from comparable human disease. Several genes and chromosomal regions have been associated with CLE in man (Millard and McGregor 2001; Baechler et al. 2003; Remmers et al. 2007; Wenzel and Tuting 2007; Werth 2007; Jarvinen et al. 2010) . Two genes were of particular interest in the dog, the gene for complement subcomponent, C1r, (C1r) which is associated with inherited DLE in humans, arthralgia, autoimmune disease, arthritis, mild nephritis, and recurrent rhinobronchitis, and TREX1, which is associated with Chilblain lupus, another monogenetic form of cutaneous lupus Moncada et al. 1972; Rich et al. 1979; Gunther et al. 2009 ). C1r maps on CFA 27, and was excluded from major causative association with ECLE based on the GWAS data. However, TREX1 maps to CFA20 where a signal was found, but did not yield a significant score. We cannot reject the possibility that this implicates TREX1 as interacting gene or modifier locus for this disease, and this will become of http://www.ensembl.org Fig. 4 Arrangement of predicted genes in the candidate region on CFA18. Genes in bold represent candidates for ECLE as they are genes involved in cell cycle progression or immunity particular interest once the ECLE causing mutation is identified. The region discovered in our studies aligned to HSA11q13.1-13.2 and to HSA12q24. A number of genes and regions associated with SLE are located within these regions and include APIP, DDX6, PHRF1, IRF7, SH2B3, KIAA1853, TAOK3, SPPL3 and SLEB4, many of which are involved in immune regulatory functions, (Gateva et al. 2009; Graham et al. 2009 ). However, detailed analysis of the canine GWAS excluded many of these genes as candidates based on their individual locations on other canine chromosomes. Comparison to human genomic data did not yield an immediate candidate for ECLE in the GSP. Thus, one might assume that the gene responsible for the disease is either not yet known to contribute to this group of disorders, or constitutes a novel gene, which may have a similar function or interact with previously identified genes.
For the initial candidate gene discovery we therefore focused on genes that are involved in immune regulation or cell cycle processes. SSSCA1 was considered first, as the corresponding disease (Sjogren Syndrome/Scleroderma) has a familial component and is described as an autoimmune disease (Reveille et al. 1984) , even though the clinical signs in humans were not the same in affected dogs. SSSCA1 could not be entirely excluded in the GSP, as neither a mutation nor an informative SNP was located. DPF2 plays an important role in apoptosis of myeloid cells and rapid cell turnover, and thus might be involved in ECLE (Gabig et al. 1998 ). Sequencing of DPF2 revealed an informative SNP in an intron, but no mutation was identified within the gene's coding sequence. However, there remains the possibility that mutations in the regulatory regions of SSSCA1 or DPF2 could lead to ECLE through as of yet unknown mechanisms.
Association of the presented CFA18 region of interest linked to ECLE in GSP has been confirmed through complete linkage of the DPF2 SNP with disease status in a total of 267 individuals (Table 6) . Thus, remaining genes in the area will be further investigated to identify the causative mutation. The next candidate is CDC42EP2, a Rho GTPase, regulates downstream effector proteins for the assembly of the actin cytoskeleton (Hirsch et al. 2001) . RELA, also in the candidate region, is part of the NFkB complex, which is involved in a variety of immune processes and has been shown to cause epidermal defects in mice (Gugasyan et al. 2004 ). SIPA1, a gene involved cell cycle progression, is of interest, as its absence causes lupuslike nephritis in knockout mice (Ishida et al. 2006) . Finally, MAP3K11 is required for activation of JNK, p38, and ERK (Chadee and Kyriakis 2004) . However, it is more likely to be involved in neoplastic processes. While none of the genes described here have been implicated in CLE in humans, we will continue to focus on this region.
A recent paper used a GWAS to elucidate the genetic background of the SLE complex in the Nova Scotia duck tolling retriever (NSDTR) (Wilbe et al. 2010) . These dogs are predisposed to immune-mediated rheumatic disease and steroid responsive meningitis/arteritis. The fact that ECLE in our dogs appears to be inherited as a simple autosomal recessive trait as opposed to the autoimmune disease in the NSDTRs could be due to a popular sire effect coupled with intensive line breeding, which resulted in homozygosity of modifier genes accentuating the major gene involved in ECLE. The simple Mendelian inheritance of ECLE in the GSP also made it possible to perform a GWAS with very few animals (13 affected) to obtain reasonable and useful results, where as 81 samples from affected NSDTRs were needed for the GWAS to obtain useful data (Wilbe et al. 2010) . However, the results of the GWAS in the NSDTR demonstrate the power of using dogs to unravel the genetic basis of complex inherited diseases.
Here we present a naturally occurring model of ECLE in the GSP with a simple autosomal recessive mode of inheritance in which the GWAS allowed for a rapid identification of a critical chromosomal region. The development of a genetic marker-based diagnostic test allows identification of disease status for ECLE in GSPs, and significantly improves our ability to screen animals for being affected or at risk for disease. This test is an alternative for the currently performed biopsy. In addition, carrier animals can be identified for the first time, and breeders can use this information to prevent the birth of affected puppies and plan future breeding strategies. Future studies will now focus on elucidating the causal gene(s) and further developing this canine model to better understand the disease process in humans and ultimately to develop effective treatment modalities.
